It is a critically important challenge to rapidly design effective vaccines to reduce the morbidity and mortality of unexpected pandemics. Inspired from the way that most enveloped viruses hijack a host cell membrane and subsequently release by a budding process that requires cell membrane scission, we genetically engineered viral antigen to harbor into cell membrane, then form uniform spherical virus-mimetic nanovesicles (VMVs) that resemble natural virus in size, shape, and specific immunogenicity with the help of surfactants. Incubation of major cell membrane vesicles with surfactants generates a large amount of nano-sized uniform VMVs displaying the native conformational epitopes. With the diverse display of epitopes and viral envelope glycoproteins that can be functionally anchored onto VMVs, we demonstrate VMVs to be straightforward, robust and tunable nanobiotechnology platforms for fabricating antigen delivery systems against a wide range of enveloped viruses.
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virus-mimetic vesicle | vaccine | nanobiotechnology | antigen delivery system | cell membrane E nveloped viruses, such as avian influenza virus, Ebola, and SARS virus, pose a great threat to public health, and new generations of vaccines are needed to combat these, as well as future, viruses (1) . However, it is very difficult to rapidly design new, safe, effective vaccines to reduce the morbidity and mortality of potential or ongoing pandemics (2, 3) . Conventional vaccines produced by live or killed organisms have the potential disadvantages of safety; their packed viral nucleic acids may have risk of replication (4) . Thus, more efforts have been made to develop safer recombinant subunit vaccines based on known protective antigens. However, there are at least two major challenges in developing subunit vaccines against enveloped virus: (i) the native conformational epitope of viral envelope protein is difficult to produce because the glycoproteins of enveloped viruses are usually subjected to posttranslational protein modifications in eukaryotic cells; (ii) because viral envelope glycoproteins often need to be incorporated in lipid membrane environment to maintain correct conformation of multimer, recombinant purified subunit antigens often elicit anti-incorrect conformation antibody and have poor immunogenicity mostly due to their great differences from "native" conformations on viral envelope. The key to success of effective vaccine against enveloped virus depends on complete simulation of natural virions. Therefore, studies about display of viral envelope glycoprotein have gradually become a hot spot in the fields of enveloped virus vaccine (5, 6) .
New advances (6) (7) (8) (9) (10) (11) (12) in nanotechnology and biomaterial sciences have created the possibility of improving vaccine products. Biological nanovaccines from various natural sources, such as virus-like particles (10), bacterially-derived membrane vesicles (6) and mammalian cell-derived exosomes (11) , have emerged and attracted much attention in developing vaccine. With inspiration from the way that most enveloped viruses hijack a host cell membrane and subsequently release from the infected cells by a budding process that requires cell membrane scission, we reasoned that we could genetically engineer viral antigen to harbor into cell membrane, followed by the formation of uniform spherical virus-mimetic nanovesicles (VMVs) that resemble natural viruses in size, shape, and specific immunogenicity ( Fig. 1 ) with the help of surfactants. Incubation of major cell membrane vesicles with surfactants would help generate a large amount of nano-sized uniform VMVs displaying the native conformational epitopes.
Herein, we describe a new type of VMVs ( Fig. 1) consisting of a complex of phospholipids derived from mammalian cell plasma membrane, recombinant protein anchored to cell membrane via the route of signal peptide sorting (13) , and surfactants capable of controlling VMV size and strength (14) (15) (16) , thereby allowing the VMVs to display functional polypeptides (e.g., anti-cancer epitopes) or correctly conformational protein antigen (e.g., influenza hemagglutinin proteins). These proteins, integrated into VMVs by
Significance
The previously unidentified virus-mimetic nanovesicles (VMVs) described in this manuscript consist of phospholipid derived from mammalian cell plasma membrane, recombinant protein anchored to cell membrane via the route of signal peptide sorting, and surfactants capable of controlling the VMV size and strength, which allows the VMVs to display functional polypeptides or maintain the correct conformation of protein antigen. The protein integrated into VMV by its hydrophobic transmembrane peptide has more modifications, such as glycosylation, than proteins in conventional subunit vaccines. Moreover, many viral envelope glycoproteins can be genetically engineered onto VMV liposomal surface so as to mimic the properties and conformational epitopes of natural virus. VMV provides an effective, straightforward, and tunable approach against a wide range of emerging enveloped viruses.
their hydrophobic-rich transmembrane peptide, can have more posttranslation modifications, such as glycosylation, than ones in conventional subunit vaccines expressed by the Escherichia coli expression system. Moreover, many viral envelope glycoproteins can be genetically engineered onto VMV liposomal surfaces so as to mimic the properties and conformational epitopes of natural viruses. Importantly, VMVs are generated without the need of propagating potentially dangerous pathogens in cells or egg culture, and they allow for additional modifications that, due to unique structure and properties, enhance vaccine immunogenicity. Therefore, VMVs provide an effective, straightforward, and tunable approach to combating a wide range of emerging enveloped viruses.
Results and Discussion
VMVs Expressing HPV L2 Epitope Peptide on the Exterior of the Vesicles (VMV-16L2). As a proof of principle, we established both HEK 293T and HeLa cell lines that stably express an epitope of L2 protein of human papilloma virus 16 (HPV16) on the surface of cellular membrane. To image and guide the epitope into cell plasma membrane, a signal peptide sequence (20 amino acids) from membrane-target integrin protein (17) , an epitope sequence (24 amino acids) from HPV16 L2 protein (18) , and a linker of transmembrane peptide sequence (17) (22 amino acids) (Table S1) were genetically fused to the N-terminal of enhanced green fluorescent protein (eGFP), forming sig-16L2-eGFP recombinant protein ( Fig. 2A and Fig. S1 ). Based on an understanding of membrane protein transport mechanism via the route of signal peptide sorting (19), we were able to target the location of cargo protein from cytoplasm to cell plasma membrane. As shown in Fig.  2 B-F, abundant sig-16L2-eGFPs were embedded in both nuclear membrane and plasma membrane of HEK 293T and HeLa cells expressing sig-16L2-eGFP, whereas a 16L2-eGFP group without signal peptide only existed in the cytoplasm, as demonstrated by the green fluorescence of eGFP.
Interestingly, the process of protein sorting and vesicle transport (Fig. 2F) can be clearly observed. Sig-16L2-eGFP sorting and transportation were verified by carrying out Golgi body and endoplasmic reticulum (ER) staining in HEK 293T cells (Fig. 2G) . As expected, the yellow light, produced from coincidence of green light (Sig-16L2-eGFP) and red light (Golgi body) was observed, suggesting the Sig-16L2-eGFP was located in Golgi body via signal peptide sorting route and then guided to plasma membrane with the help of transport vesicles. The close connection of membrane system between cell nucleus and organelles may account for the fluorescence emission from both types of membranes. Obviously, it is very important to select appropriate transmembrane peptide and signal peptide to target cargo proteins to cell membrane. The signal peptide we used in this study with great potential for surface functionalization is generalizable for different cell lines and ensures a high yield of displayed protein, because it is derived from integrin, which is abundant in most human cells.
Next, the engineered cells were incubated with 0.015% sodium deoxycholate in PBS for 15 min to generate major cell membrane vesicles (MCVs, 500-2,500 nm, Fig. 3 A, i) , and then the MCVs were purified by sequential density sucrose gradient ultracentrifugation (20) . To prepare VMVs displaying sig-16L2-eGFP (Fig.  3A) , the purified MCVs were further mixed with 0.045% sodium deoxycholate and 0.05% triton-X100, which played a crucial role in generating nano-sized VMVs (50-150 nm), as demonstrated by cryo-electron microscopy (cryo-EM) (Fig. 3 A, iii) and transmission electron microscopy (TEM) (Fig. 3C) , and in maintaining adequate strength of the materials (Fig. S2i) . The entrapment of triton-X100 and sodium deoxycholate into VMV membrane ensured the size distribution, homogeneity and stability of the liposomes, as shown by dynamic light scattering analysis (DLS, Fig. 3B ), phase contrast microscopy and confocal laser scanning microscopy (Fig. 3D) . The confocal images illustrated the existence of sig-16L2-eGFP in VMV (<250 nm), as shown by the green light spots. The size distribution of VMVs was not changed by at least three freezing/ defrosting cycles. It is of note that natural vesicles without surfactants (Fig. S2i) are more prone to be disrupted in the process of drying in negative stain than nano-sized VMVs, indicating that the surfactants could maintain the strength and integrity of VMV as well as uniformity. Impressively, we could obtain 64 ± 27 μg of VMV (measured based on protein concentration by BCA assay) per 10 6 cells. Out of 100 μg of total protein in VMV samples, 13.49 ± 0.61 μg of eGFP and 1.33 μg of L2 peptide at equimolar concentration of sig-L2-eGFP were detected by anti-eGFP ELISA kit (Fig. S3) . The percentage of target antigen, sig-L2-eGFP, in total protein of VMV sample reached ∼14.82%. In addition, VMV-L2 antigen purity was also assessed by Western blot (WB) using antiplasma membrane-protein (Na + /K + -ATPase) antibody, anti-cell nucleus (Histone H3a) antibody, and anti-cytoplasm protein (actin and GAPDH) antibody. Fig. S4 showed that intracellular contamination was virtually negligible, whereas the fact that Na + /K + -ATPase could be detected by WB assay further demonstrated that the VMVs were indeed generated from cell plasma membrane.
Our next challenge was to determine whether the epitope (21) from 16L2 protein was presented on the exterior of the VMVs, rather than their interior ( Fig. 2A) . Hence, the VMVs were incubated, washed, and immobilized on protein A/G conjugated beads via anti-16L2 epitope antibodies in a coimmunoprecipitation (co-IP) assay. Co-IP and WB analysis (Fig. 3E ) of the complex, using 14H6 antibodies, also confirmed the expression of sig-16L2 epitope on the surface of VMV. The schematic (Fig.  3F) shows that VMV displaying the epitope of VMV-L2 was captured by anti-16L2 epitope antibody (14H6), followed by binding of protein A/G beads to the antibody to form a complex of beads and VMV.
As VMV resembles natural virus in size, shape, and specific activity, we next investigated the in vivo immunogenicity of VMV-L2. BALB/c mice were vaccinated with VMV-L2, VMV blank + free L2 peptide, VMV blank or free L2 peptide via different routes of administration with or without adjuvants. Sera from immunized mice were collected 2 wk after the last boost and tested by enzyme linked immunosorbent assay (ELISA) for anti-HPV L2 IgG. As shown in Fig. 4 A and B, vaccination of mice with VMV-L2 could not only induce high level of antibody titers to the L2 polypeptide, but also elicit 7-8 times higher total antibody titers ( Fig. 4A ) and ∼10.5-fold higher neutralizing antibody titers (Fig. 4B ), in contrast with free L2 peptide group in the presence of Alum adjuvant via intramuscular (i.m.) route. Moreover, similar antibody titers induced by VMV-L2 alone via i.v. administration with VMV-L2 in Alum adjuvant groups via i.m. route were detected.
In accordance with the trend of total IgG antibody titers, neutralization activities of antibodies triggered by VMV-L2 in mice were verified in vitro against HPV16. Fig. 4B shows that neutralization activities of anti-sera vaccinated with VMV-L2 against HPV16 pseudotyped virus, the highest value of IC 50 , could reach 1,024, which was much higher than ones elicited by free L2 peptide in Alum adjuvant. In contrast, the anti-sera from mice treated with VMVblank derived from HEK 293T cells expressing 16L2-eGFP in cytoplasm exhibited no neutralization activities against HPV16 pseudotyped virus. It is concluded that VMV-L2 as a subunit vaccine delivery vehicle elicits neutralization antibodies specific for the epitope of L2 protein, which is essential to inhibit the entry of HPV into cells.
Biological Behavior of VMVs. Notably, even the group of VMV-L2 without adjuvant also exhibited strong humoral immune response, so we speculated that satisfactory immunogenicity of VMV-L2 was most likely due to the larger molecular weight and exogenous properties of VMV that would can be recognized and swallowed by immune cell. To test this hypothesis, the kinetic clearance of VMV-L2 via different administration routes was assessed through molecular imaging methods. We first performed near-infrared (NIR) fluorescence imaging to analyze the antigen exposure time of VMVs in mice treated by i.m. injection. Labeling of VMVs with a NHS-Cy5.5 dye did not affect the size distribution and activity of VMVs. Antigen exposure at the injection site was monitored by ex vivo NIR imaging at different time points. As a result, the VMVs (mostly due to their unique virus-like structure) maintained the integrity of VMV-L2 and retained the high molecular weight antigen in the muscle tissue, resulting in longer antigen stimulation time than the L2 epitope peptide alone (Fig. 4C) . Next, we used SPECT/CT (22) to quantify the distribution of 99m Tc-labeled VMV-L2 and L2 epitope peptide in mice vaccinated via i.v. administration route. Normal ICR mice injected with the same amount (15 MBq) of 99m Tc-labeled L2 peptide or VMV-L2 were monitored at 1, 3, and 5 h after injection. Quantitative analysis of SPECT/CT images ( Fig. 4D) showed that VMVs tend to accumulate in the liver, spleen, and kidneys, as well as other portions of reticuloendothelial system (RES) within 5 h of i.v. administration, whereas the L2 epitope peptide had rapid renal clearance within 1 h (Fig. S5) .
Given the aluminum hydroxide particles in the micrometer size range and the conventional way of vaccination, the alumadjuvanted formulation was administrated via the i.m. route to ensure the vaccine safety and long-term antigen exposure. As mentioned above, the antibody and neutralization titers induced by VMV-L2 alone via i.v. administration were comparable with VMV-L2 in Alum adjuvant groups via i.m. route, owing largely to the nanosize and exogenous property of VMV-L2, which allows VMV to effectively deliver antigen into immune system through blood circulation. These results about immunogenicity of VMV-L2 are nicely associated with the biodistribution studies performed by molecular imaging methods. Taken together, we conclude that the VMV vaccine not only offers long-term antigen exposure but also confers excellent target recognition by the immune system, including the spleen-which acts as important immune organ (23, 24) to remove pathogen and senescent blood cells. Motivated by the goal of developing a method to use VMVs as a broad vaccine delivery vehicle for rapid response to emerging catastrophic pandemics, we further prepared VMVs to display integral membrane hemagglutinin (HA) glycoprotein (570 amino acids) from influenza A (H1N1) virus, rather than an HPV L2 epitope peptide (24 amino acids). The HA glycoprotein can be anchored through its hydrophobic transmembrane region to vesicular membrane, which provides a befitting lipid environment analogous to the one in enveloped viruses. Because the recombinant HA protein produced in eukaryotic cells is subjected to posttranslational modifications, including glycosylation essential for trimerization of influenza hemagglutinin, as well as correct folding and transport to cell plasma membrane (19, 25) , we presumed that the protein molecules displayed on VMVs resemble native viral trimeric spike (ii) MCV-L2 mixed with 0.045% sodium deoxycholate; (iii) MCV-L2 mixed with 0.045% sodium deoxycholate and 0.05% triton-X100; (iv) MCV mixed with 0.045% sodium deoxycholate and 0.1% triton-X100, indicating that the entrapping of surfactants into vesicular membrane ensures the shape integrity and homogeneity of VMV. (Scale bar: 100 nm.) (B) The size distribution of VMV-L2 under different concentrations of surfactants measured by DLS. (C) The TEM images revealed similar shape and size of VMV-L2 to natural enveloped virus (<200 nm), which were produced from MCV-L2 mixed with 0.045% sodium deoxycholate and 0.05% triton-X100. (Scale bar: 200 nm.) (D) The imaging of VMV-L2using phase contrast microscope (Left) and confocal laser scanning microscopy (Right). The results verify the existence of sig-16L2-eGFP in VMV (<200 nm), as shown by the green light spots. (Scale bar: 500 nm.) (E) Co-IP and WB analysis of VMV-sig-16L2-eGFP. Co-IP assay confirmed the presence of the epitope from 16L2 protein on the exterior of VMV. In contrast, there was no VMV in supernatant after Co-IP. (F) Schematic representation of the Co-IP beads capturing the VMV-sig-16L2-eGFP by the strong affinity of protein A/G on beads to anti-L2 antibodies because of the existence of sig-16L2 epitope on VMV surface, rather than in vesicular interiors.
proteins so that they can induce neutralizing antibodies targeting the correctly conformational epitopes.
In this study, the preparation process of VMVs carrying HA (VMV-HA) involved a procedure similar to that mentioned above. Briefly, the HA gene was subcloned into lentiviral PLV vector and then transfected into HEK 293T cells to express HA protein in cell plasma membrane. HEK 293T cells transfected with PLV-HA construct was incubated with 0.01-0.015% sodium Tc labeled L2 peptide and VMV-L2 (15 MBq each mouse). The spleen and bladder are indicated by white arrow and red circle, respectively. The imaging data showed that the VMV can effectively accumulate into liver, spleen and other parts of the reticuloendothelial system by passive targeting to the immune system via i.v. administration route, whereas free L2 peptide was rapidly cleared. deoxycholate in PBS buffer for 15 min to generate major cell membrane vesicles (MCVs, 500-2,500 nm), which were separated by multiple centrifugation and ultracentrifugation for 4 h at 4°C. Then, the pellets were resuspended and fractionated through a sucrose density gradient centrifugation (21) . Finally, the purified MCVs were mixed with 0.045% (wt/vol) sodium deoxycholate and 0.05% (wt/vol) triton-X100 in PBS to produce uniform sized VMVs (50-150 nm), as demonstrated by cryo-EM (Fig. 5B) .
As seen in Fig. 5A , MCV-HA binds to the surfaces of 293T host cells after several washings and the green fluorescence from MCVs (green spotlights) confirms the existence of viral antigen HA, suggesting that HA protein coupled to MCV is capable of binding to cellular surfaces similar to those on influenza virions. Furthermore, co-IP and WB assay (Fig. 5E ) also demonstrated that the beads can bridge the VMVs, mediated by anti-HA epitope antibodies, due to the presence of HA glycoproteins on VMV surface.
To verify the antigenicity of HA protein on VMVs produced by 293T cells, we analyzed its reactivity with six conformationdependent neutralizing antibodies (J3F11, 13G7, 2H3, 18B10, J8A1, 16D5) by sandwich ELISA, which recognizes different specific sites on live influenza virus. Table S2 shows that the HA glycoprotein on VMVs binds to all conformation-dependent neutralizing antibodies with affinities similar to those of inactivated influenza viruses, except for the control antibody 14H6. The results suggest that HA molecules on VMVs antigenically resemble the trimeric HA viral spikes on native virions.
We next studied whether VMV-HA was conferred the capacities of receptor binding by hemagglutination assay (Fig. 5 C  and D) , which is a conventional assay to measure the functionality and amount of HA in live influenza virus. As seen in Fig.  5C , VMV-HA can efficiently agglutinate red blood cells (RBC) like active influenza virus. This result reflects the presence of conformationally correct HA glycoprotein on the nanovesicular surfaces. Interestingly, VMV-HA treated by trypsin (TPCK treated) induced higher HA titers than ones without TPCKtrypsin treatment (Fig. 5F ). On the contrary, nanovesicles without HA protein (VMV blank ) exhibited no HA activities. The comparison of hemagglutination capacity (Fig. 5F ) between VMV-HA and inactive influenza virus (H1N1) indicated that TPCK-trypsintreated VMV-HA had similar hemagglutination function and conformation to inactive influenza virus and that trypsin contributes to maturing VMV-HA via a protein cleavage mechanism in similar way to that of influenza virions, because it has been proven (19, 25) that TPCK-trypsin treatment can improve cleavage and maturation of HA0 protein at the same cleavage site as HA0 protein expressed in cells infected by virus. All of the data showed that VMV-HA resembled live influenza virus in shape, size as well as specific function.
Immunogenicity of VMV-HA. To evaluate the immunogenicity of VMV-HA, the humoral immune response and protective efficacy of VMV-HA were assessed in mice. Quantification of HA antigen in the VMV-HA (Fig. S6) was performed by WB assay and sandwich ELISA to normalize the antigen dose. The mice were immunized thrice with 100 μg per injection of VMV-HA (containing 6.5 μg of HA antigen), the same HA content of inactive influenza virus or purified HA glycoprotein in 10 μL of Alum adjuvant via i.m. administration route. Sera from immunized mice were collected 2 wk after the last boost by standard methods and ELISA was performed on 96-microwell plates coated with inactive influenza virus (H1N1) rather than purified HA protein. For comparison, the preimmune sera and the VMV blank group were pooled as control samples. The data (Fig. 6A) showed that VMV-HA could trigger high level of serum IgG titers via i.m. administration route with or without Alum adjuvant. The total antibody titers induced by VMV-L2 in Alum adjuvant was comparable to that elicited by standard HA glycoproteins recombinant from Baculovirus. The inactive influenza virus in Alum adjuvant led to significant increase in total antibody level relative to other groups because of coating ELISA plate with whole inactive influenza virus. VMVs as a class of subunit vaccine indeed mimicked the important immunogenic part of enveloped virus.
The neutralization activities and HA inhibition response (HAI) of antibodies elicited by VMV-HA in mice immunized via i.m. routes were verified in vitro against live H1N1 influenza viruses. Fig. 6 B and C showed that the neutralization activities in mice induced by VMV-HA were similar to ones elicited by the same HA amount of inactive influenza virus and standard purchased HA protein via i.m. route in the presence of Alum adjuvant. Moreover, although the HAI titers were significantly higher in all vaccinated groups in contrast to the nonvaccinated groups, the changes among the immunized groups using Alum as adjuvant did not reach statistical significance, suggesting that the VMV vaccine could match purified HA subunit vaccines in immunogenicity.
We further examined the protective immune response of VMV-HA in vivo. Four weeks after the last immunization, mice were challenged intranasally with 50 times lethal dose of mouseadapted H1N1 virus, and body weight of treated mice was monitored daily (Fig. 6D) . Mice immunized intramuscularly with VMV-HA in the absence of Alum adjuvant exhibited good in vivo protection against challenges of lethal dose of influenza virus, with 80% survival (Fig. 6E) . Importantly, all of the mice vaccinated with inactive virus, HA protein, VMV-HA in Alum adjuvant finally survived, whereas the mice in VMV blank groups died 9 d after challenges of mouse-adapted influenza viruses. Body weight data (Fig. 6D) showed that the initial weights of VMV-HA-treated mice were recovered and most of the treated mice had parallel weight loss with the groups vaccinated with HA proteins, whereas the group immunized by inactive influenza virus exhibited significantly less weight loss than those vaccinated with VMV-HA or HA protein, which may be due to the fact that inactive virus as whole pathogen consisted of many immune stimulating antigen such as M1, M2, and NA protein inducing broader protection.
In this study, we did not notice obvious signs of toxic side effects in the VMV-HA-treated cells (Fig. S7) , and neither death nor significant body weight drop was observed in the treated mice. The results of blood chemistry (26) for the mice vaccinated thrice with VMV-HA fluctuated in normal range (Fig. S8) and no obvious abnormalities were found by hematoxylin and eosin (HE) staining of the major organs of the treated mice (Fig. S9) , both suggest safety of VMV.
However, attention should be paid to the potential toxicity and biocompatibility of VMVs before this strategy may be translated into clinic. The additives such as synthetic surfactants in a vaccine formulation may cause unwanted immune reactions and lead to the induction of autoimmunity. Some vesicles from organelles other than the plasma membrane may harbor immature constructs. Although the intracellular contamination in VMVs was virtually negligible in the present study, more systematic investigations including screening biosurfactants with less toxicity and higher biodegradability than the currently used synthetic surfactants will be a subject of our future studies.
Because VMV platform not only presents foreign epitope or other important antigen to immune cell, but also displays whole viral enveloped glycoprotein in native conformation by mimicking the budding process of natural enveloped virus and being subjected to posttranslation modification in eukaryocyte. In addition, VMV as attractive vaccine candidate could induce good immune protection as well as subunit protein vaccine. All these traits make VMV possible to design a wide range of vaccines against newly emerging enveloped virus through incorporating the viral enveloped glycoprotein into nanovesicles.
In this work, we have designed VMVs to serve as broad vaccine delivery vehicles and developed a straightforward, robust and tunable method of functionalizing the VMV surface with a variety of protein probe for targeted delivery (27) . The VMV technology is also rapidly scalable to mass production by bioreactors, whenever cell lines/patients' own cells [e.g., MSCs, DC cells or engineered red blood cells (27) as nanocarriers] stably expressing a virus antigen on their cell plasma membrane surfaces become available. Due to the tolerance of large protein insertion in natural forms by VMVs, the VMV nanotechnology has the potential to be adapted to the design of vaccines against a wide array of enveloped viruses, including ones with pandemic potential.
Materials and Methods
Vector Construction. The HPV L2 epitope with a C-terminal transmembrane sequence was placed in the upstream of enhanced green fluorescent protein (eGFP) at EcoR1 and BamH1 restriction sites, forming 16L2-eGFP recombinant protein. Next, the human integrin signal sequence was fused to the 16L2-eGFP gene fragment encoding sig-16L2-eGFP to functionalize cell plasma membrane, using PCR with long primers which include integrin signal sequence. The gene encoding sig-16L2-eGFP or HA gene from H1N1 (A/California/04/2009) was finally subcloned into lentiviral PLV vector to express cargo protein in mammalian cells (Fig. S1 and Table S1 ).
Intracellular Localization of Sig-16L2-eGFP, 16L2-eGFP, and HA Protein. Briefly, HEK293 and HeLa cells in DMEM containing 10% FBS and antibiotics were cultured on gelatin-coated coverslips in six-well dishes. The cells were transfected with PLV-sig-16L2-eGFP, PLV-16L2-eGFP or PLV-HA construct using Lipofectamine 2000, in accordance with the manufacturer's instructions. At 48 h after the transfection with these plasmids, the cells on coverslips were washed twice with PBS and stained with DAPI (Roche), followed by fixation with 4% paraformaldehyde for 15 min. Finally, the cell-coated coverslips were evaluated using a laser confocal microscope (LSM780) equipped with 60× oil-immersion lenses. Sig-16L2-eGFP sorting and transportation were determined by using Golgi body staining (Beyotime) and ER staining (Thermo) for live cells in confocal dish.
Preparation of VMV-L2 or VMV-HA. The 293T cells transfected with PLV-sig-16L2-eGFP or PLV-HA constructs were collected and incubated with 0.01-0.015% (wt/vol) sodium deoxycholate in PBS buffer for 15 min to generate major cell membrane vesicles (MCV, 500-2500nm) under the condition of strenuous vibration, followed by the addition of protease inhibitors (Roche). Engineered MCV carrying sig-16L2-eGFP or HA protein were centrifuged at 2,000 × g and 4,000 × g, respectively, for 5 min at 4°C to remove cell nuclei and organelles, filtered through a 0.45 μm filter at least 20 times, ultracentrifuged at 25,000 rpm for 4 h at 4°C (Beckman Coulter). The pellets were resuspended and purified through a 5-65% sucrose density gradient at 25,000 rpm for 16 h at 4°C. Each separated fraction was carefully collected from the top to the bottom of the gradient. Finally, the purified MCV was mixed with 0.045% (wt/vol) sodium deoxycholate and 0.05% (wt/vol) triton-X100 in PBS to produce size-controlled and uniform VMV displaying 16L2-eGFP or HA protein.
Western Blot Analysis and Coimmunoprecipitation Assay. To test the incorporation and configuration of sig-16L2-eGFP onto VMV, the purified samples (VMV-L2 or VMV-HA) were incubated with beads (Santa Cruz Biotechnology) conjugated to protein A/G at 30°C after addition of 14H6 antibody or anti-HA antibody (10 μg) that were specific for the antigen protein. The beads were then centrifuged at 1,000 × g for 4 min at 4°C to determinate whether the beads were capable of capturing the VMV by the binding of protein A/G on beads to the antibodies. The pellets were washed thrice in PBS and analyzed by Western blot assay. Briefly, the pellets were mixed with cell lysis solution in the presence of loading buffer, boiled for 15 min, separated by 8% SDS/PAGE, and transferred onto PVDF membranes. The PVDF membranes were then blocked with a TBST solution containing 7% nonfat milk power and subsequently probed with an anti-L2 14H6 antibody. Sig-L2-eGFP was visualized with a horseradish peroxidase (HRP)-conjugated goat antimouse IgG antibody (Southern Biotech) and ECL substrate (Thermo). To determine the content of sig-16L2-eGFP in the total amount of protein, the eGFP ELISA kit (Abcam) was used for quantifying the amount of sig-16L2-eGFP. VMV-L2 antigen purity was assessed by Western blot assay using anti-plasma membrane-protein (Na + /K + -ATPase) antibody, anti-cell nucleus (Histone H3a) antibody, and anti-cytoplasm protein (actin and GAPDH) antibody (Santa Cruz Biotechnology). All the antibodies used in these experiments, except as specifically noted, were produced by the National Institute of Diagnostics and Vaccine Development in Infectious Diseases, Xiamen University.
Characterization of VMV. The VMV-L2 or VMV-HA was analyzed by dynamic light scattering (DLS, Zetasizer Nano) for the size distribution. VMVs were suspended in PBS at a protein concentration of 2 μg/μL. All measurements were conducted in triplicate. To observe VMV-L2 and VMV-HA by cryo-EM, 5 μL of samples were loaded onto Quantitoil Holey grid for 3 min, swept with a filter paper, and then quickly dipped into liquid ethane by use of FEI Vitrobot Marker. The samples were transferred and observed on FEI Tecnai G2 electron microscope under the condition of 300 kV and a defocus of approximately 2.4 μm. Transmission electron microscopy (TEM) imaging was performed to measure the VMV size. VMVs at 1 μg/μL were dropped on freshly discharged 400 mesh carbon parlodion-coated copper grids. The grids were then negatively stained with 1% phosphotungstic acid and naturally dried for 1 h. The VMV was finally imaged on a JEM-2100 transmission electron microscope at 90 kV and digitally captured with a CCD camera at 1k×1k resolution.
Immunization and Animal Studies. All animal protocols were in accordance with the instructions of and approved by the Institutional Animal Care and Use Committee of Xiamen University. The VMV-L2 (50-150 nm) was generated from MCV mixed with 0.045% (wt/vol) sodium deoxycholate and 0.05% (wt/vol) triton-X100. BALB/c mice were vaccinated with VMV-L2 samples (100 μg of total protein containing 13.49 ± 0.61 μg of eGFP and 1.33 μg of L2 peptide at equimolar concentration), VMV-L2 + free L2 peptide (1.33 μg), VMV blank , or free L2 peptide (1.33 μg) via different routes of administration with or without adjuvants (n = 5 per group). Immunizations were performed thrice at a 2-wk interval with or without IFA (Sigma) or Alhydrogel adjuvant (InvivoGen). Lastly, sera from immunized mice were collected two weeks after the last boost by standard methods and stored at −20°C until use.
Protein concentrations of the purified VMV were measured with a BCA protein assay (Pierce), using BSA as a standard.
Determination of Serum Antibody Titers by ELISA. To estimate the antigenicity of VMV-HA, a sandwich ELISA (28) was performed. The purified VMV-HA was added to anti-HA antibody-coated 96-well plates, followed by incubation at 37°C for 1.5 h. The treated plates were then washed five times with PBST buffer (0.05% Tween-20 in PBS). Anti-HA monoclonal antibody (J3F11, 13G7, 2H3, 18B10, J8A1, 16D5) and control antibody (14H6) at a 1:1,000 dilution were then seeded, followed by incubation for another 1.5 h. HRP-conjugated goat anti-mouse Ig (H+L) at a 1:2,000 dilution as a secondary antibody (Southern Biotech) was added. Colorimetric analysis was carried out using a TMB substrate kit (Pierce), and the absorbance was obtained at 450 nm by a spectrophotometer.
To determine the total serum IgG antibody response against L2 protein or H1N1 influenza virus, 96-well plates were coated with 300 ng of purified L2 protein/well or 500 ng of inactive H1N1 influenza virus per well at 4°C overnight. The plates were blocked with PBS containing 5% (wt/vol) BSA at 37°C for 1.5 h, followed by addition of serially diluted mouse anti-serum at 37°C for 1.5 h. Plates were washed four times with PBST buffer (0.05% Tween-20 in PBS) and incubated with HRP-conjugated goat anti-mouse IgG (Southern Biotech, 1:4,000) for 1 h. Colorimetric analysis was performed as described above. Endpoint titers were detectable as the last reciprocal serial serum dilution at which the absorbance at 450 nm was twofold greater than the mean value of the background signals from preimmune serum and VMV blank -treated groups.
An L2-based ELISA was conducted to assess the titer of anti-16L2 antibodies. To generate hexahistidine (His)-labeled 16L2 polypeptide, the L2 gene encompassing amino acid residues 13-105 was attained by PCR and subcloned into the pET28a vector. ELISA plates were coated with 300 ng of bacterially expressed 16L2 polypeptide containing amino acid residues 13-105, which were purified by affinity to a nickel-nitrilotriacetic acid column in 7 M urea. Antibody titer was determined as the highest sera dilution factors within OD value twofold greater than control sera at the same dilution.
Neutralization Assay (HPV). The human papillomavirus (HPV16) pseudovirions loaded with secreted alkaline phosphatase (SEAP) were produced by cotransfection of HEK 293T cells with plasmids encoding a SEAP reporter genes and HPV16 L1 and L2 gene. HEK 293T cells were added into 96-well plates at 1.5 × 10 4 cells per well, cultured overnight, and then used for pseudovirion neutralization assays. Briefly, the serial dilutions of immune sera and the HPV16 pseudovirus were incubated for 2 h and the mixture was used to infect HEK 293T cells. Seventy hours after infection, the supernatants in wells were carefully collected and SEAP activity in cell-free supernatants by centrifugation was analyzed using p-nitrophenyl phosphate (Sigma). Anti-serum IgG neutralizationtiter was defined as the highest dilution that result into a greater than 50% reduction in absorbance, compared with control serum samples. Titers less than 50 were considered as undetectable.
In Vivo Imaging of Cy5.5 or 99m Tc-Labeled VMVs. The labeling of VMVs with NHS-Cy5.5 dye or 99m Tc was performed according to our previous report (23) . Cy5.5-labeled VMVs (100 μg of total protein) were injected into mice (male, 6∼8 wk old). Cy5.5 fluorescence in the whole body of the mice was acquired by IVIS Lumina II (Caliper Life Sciences). Radiant efficiency was measured using Living Image 3.1 software. To quantify the distribution of VMV, 99m Tc-labeled VMV and L2 peptide (15 MBq per mouse) were injected, and tracer in the whole body of the mice was acquired by SPECT/CT (22) .
Immunization and Animal Studies for VMV-HA. The quantification of HA antigen in VMV-HA was performed by Western blot assay and sandwich ELISA (28) using purchased HA protein as a standard to normalize the antigen dose. The female mice (n = 5 per group) were immunized three times with 100 μg per injection of VMV-HA (containing 6.5 μg of HA antigen), the same HA content of inactive influenza virus or purified HA protein in 10 μL of Alum adjuvant via i.m. administration route. Control group was treated with VMV blank from the HEK 293T cells. The HA glycoprotein recombinant from Baculovirus was from BEIResources. H1N1 influenza virus (A/California/04/2009) was generated by reverse genetics technique and expanded in MDCK cells.
Hemagglutination Assay (29) . VMV-HA, which was treated with TPCK-trypsin at 28°C for 0, 5, 10, or 15 min and neutralized with protease inhibitors, was serially diluted in 50-μL volumes in a 96-well plate. To each treated VMV-HA dilution, 50 μL of 0.5% chicken red blood cells (RBCs) solution in normal saline was seeded; mixtures of the red blood cells and VMV-HA were gently shaken, and the plates were incubated at 20-30°C for 40 min before examination. Negative hemagglutination results were observed as dots in the center of the wells. The hemagglutination titer was determined as the highest dilution factor that exhibited an absolute positive result. Serial dilutions of VMV-HA derived from 5 × 10 5 HEK 293T cells were mixed with
washed RBCs and incubated to analyze the cross-linking and receptor binding of chicken RBCs.
Hemagglutinin Inhibition Assay (HAI). The H1N1 influenza viruses were expanded in Madin-Darby canine kidney (MDCK) cells. Immune mouse sera were pretreated with receptor-destroying enzyme (RDE) and the assays were conducted using 0.5% chicken red blood cells and influenza viruses measured as four hemagglutinating units per well. HAI titers were calculated by the mean value of the last dilution factors of sera which completely inhibited the cross-linking and hemagglutination of chicken red blood cells (30) .
Neutralization Assay (H1N1). BALB/c mice were divided into five groups (n = 5 per group) and immunized thrice with 100 μg of VMV-HA via different routes of administration in the presence of Alum adjuvant. All of the VMV-HA (50-150 nm) was produced from MCV mixed with 0.045% surfactant A and 0.05% surfactant B, aimed at mimicking real virions. Neutralizing antibody titers of pre-and postvaccination sera were calculated in a microneutralization assay on the basis of the standard methods of pandemic influenza reference laboratories. Anti-serum neutralization titers were verified as the highest dilution factors that caused a greater than 50% reduction in OD 450nm compared with control groups. Low pathogenic H1N1 influenza virus (A/California/04/2009) was generated by reverse genetics technique and expanded in MDCK cells. The neutralization assays were performed with three replicates for each serum sample.
H1N1 Virus Challenge. Four weeks after the last immunization, the mice were challenged intranasally with 50 times lethal dose of mouse-adapted H1N1 (A/California/04/2009) viruses, and body weights of challenged mice were observed daily. The influenza virus was expanded in MDCK cells. The mice were monitored and body weights were recorded daily. Results depict the average of five mice per group.
Biosafety Assays. The cytotoxicity of the VMVs was evaluated by measuring the HEK293T and HeLa cell growth using the MTT assay (31) . The cells were cocultured with VMVs for different time. After incubation with the MTT for 4 h, the media were removed and 100 μL of dimethyl sulfoxide (DMSO) was added. The absorbance was monitored at a wavelength of 450 nm, and the cell viability was expressed as the ratio of the number of treated cells to the number of untreated control cells. The blood routine examination and histology studies were performed to evaluate the in vivo biocompatibility. Two groups were injected with 100 μg of VMVs through the tail vein or leg muscle, and the other was the untreated control group. The blood and the tissues (heart, liver, spleen, lung, and kidney) were collected for the routine analysis (26) . Hematoxylin and eosin (HE) staining (32) was used to stain the tissue slices. For HE staining, tissues from each group were harvested, fixed in 10% neutral buffered formalin, processed into paraffin, sectioned at 5-μm thickness, stained with HE, and examined by a digital microscope.
Statistical Analysis. Statistical analyses were performed using the GraphPad Prism 5 software. P value less than 0.05 was considered statistically significant. Data plotted with error bars are expressed as means with SD, unless otherwise indicated. The P values were calculated by analyzing data with a two-tailed unpaired t test.
